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Water adsorption on Ti-doped silicon clusters
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Ab initio calculations have been performed on adsorption gb Hinolecules on Ti-doped silicon clusters
TiSi, using the ultrasoft pseudopotential method within the generalized gradient approximation. Our results
show that forn=13 and larger clusters adsorption of® on TiSj, could be difficult due to low binding
energies. All these clusters have cage structures with the metal atom surrounded by the silicon atoms. On the
other hand, smaller clusters with< 13 have the metal atom partially covered by Si atoms in a basket structure
so that it is available for reaction with a water molecule. This leads to significantly higher binding energies of
a water molecule on such clusters. These results are in excellent agreement with the available experimental
data, which show significant decrease giCHadsorption on clusters with>12.
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Currently, metal(M) encapsulated silicon clusters are at- TiSi, clusters, the determination of the structures of JiSi
tracting much attentidn'* because of their interesting prop- clusters in the wide range of sizes under the same calculation
erties and structures. These could serve as building blockgonditions is indispensable. So far theoretical studies are
for nanomaterials and miniature devices. Cage structures, eBl0stly on a few selected sizes. Therefore, we have first per-
pecially fullerene, cubic, and Frank-Kasper type have beeformed calculations for determining the lowest energy struc-

predicted for MSi, (n=14-16 by Kumar and Kawazde tures of T@Si, clusters withn=8-16. Based on these re-

with their unique characteristics. Subsequently, many theosults, further calculations have been done on adsorption of a

retical studies have been made to determine the properties B'Pgr)hg‘%lgﬁﬂgt?gn?ﬁgluztﬁg?med using te initio ultra-
clusters withM=Cr2* Fel>® and otherM atoms’° In P 9

X 16 « o et L :
addition, large abundances have been obtained for 15 and %‘: eFr)aSﬁ}zu (S (;J %?;edr;gﬁi ;npesrjghaggzllftgeerzlﬂa %ﬂgr@ng

Si atom clusters with on#1 atom'*and low reactivity of - - -
: a ; ) for the exchange-correlation energy. A simple cubic supercell
MSi;,, M=Cr, Mo, W has been obtained with hydrogef. \un size 15 A forn=8-14 and 18 A fonther larger clus-

Recently, adsorption behavior and electron affinities of Tigrg is ysed with periodic boundary conditions. The Brillouin
doped clust_ers have peen st_u_d|ed which are |mport_ant for thggne is represented by tfiepoint. For Si and O we consider
understanding of their stability as well as for their usagegnly the outer valence electrons, but for Ti we also included
Kumar et al® have studied the ionization potentials and 3p atomic core states as valence states. The structural opti-
electron affinities oM@Si;¢, M=Ti and Zr clusters. Ohara mizations have been performed using the conjugate gradient
et al* have reported the experimental results of not only themethod such that the residual force on each ion was less than
mass spectra but also the adsorption gDHmolecules on  0.001 eV/A. The total energy has been calculated up to an
Si,Ti clusters. These studies could also serve as importardgccuracy of 0.0001 eV. In order to determine the lowest en-
benchmarks to understand the structure$/&i, clusters. ergy structures we used several candidates as initial guesses.
The results of these experiments show that adsorption oflthough one cannot still be completely sure of the mini-
H,O on Ti@Si, clusters could be found only up t0=12. mum energy structures, we believe that our results should
For larger clusters, the reaction ratio decreases significantlsepresent lowest energy structures. This belief is further sup-
and fromn=15 onwards it becomes almost zero. Considerported by the good agreement with experiments of the ad-
ing the well known high reactivity of KD with Ti, the van-  sorption behavior of a water molecule. Here we report the
ishingly small adsorption of D molecules on TiSiclusters  structures of TiS;j briefly from the point of view of the ad-
with n>12 is thought to be due to the encapsulation of Ti bysorption of HO. A detailed discussion of the low lying struc-
Si atoms so that Ti atom is not accessible t@HMolecules tures and the growth behavior has been given in Ref. 18.
for reaction. However, this idea could not explain all the While under the experimental conditions of finite tempera-
experimental results priori. For example, a hexagonal tures, there could be more than one isomer present for some
prism structure can exist far=12 similar to the one'?for  clusters if the energy difference is small and vibrational con-
WSiy,. As the hexagonal faces are not capped, it is possibl&ibution to entropy as well as zero point energy may affect
that H,O could interact with Ti by intruding into the rela- the ordering of free energies, we have considered primarily
tively open hexagonal rings. If it can, the experiments are nothe lowest energy structures. We believe that our studies
the proof for the formation of cage structures. Moreover, aidemonstrate sufficiently clearly the main findings of the ex-
the outset it is not clear if the Si atoms should be weaklyperiments.
interacting with HO if a cage is formed. The atomic struc-  Figure 1 shows the lowest energy structures of Tj&i)—
tures of smaller clusters witM=Ti have not yet been un- (i)] and two interesting isomeigj) and (k)] for TiSi;, and
derstood. In order to understand the interaction gDHvith  TiSi;5, respectively. These can be classified into basket and
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FIG. 3. Interaction energigdeft scalg between TiSj and H,O
(n=8-16. The atomic arrangements far=15 and 16 are shown,
respectively, as 18) and 16¢i) in Fig. 2 which have the largest

FIG. 1. (C0|0r) (a)_(l) The |Owest energy structures Of TﬁS| interaction energy in each Size. The r|ght Scale ShOWS the blndlng
(n=8-16 with (j) and (k) as the local minimum structures for €nergy per atom of Tigiclusters.
TiSiy, and TiSis, respectively. Ti atom is shown by a bigger ball
(green. fore, it is also a local minimum isomer. From these results

we conclude that cage structures are not suitablenfot2.

cage structures. As seen in Fig. 1, the most favorable strucage structures are, however, formedrior 12 (Fig. 1). We
tures forn=8-12 arebasket type. In these clusters the Ti calculated a basket isomer fa=13 [Fig. 1(k)] and it lies
atom is partially covered with Si and therefore it could inter-0.878 eV higher in energy than the cage isomer. An interest-
act with H,O. Furthermore, we find that a hexagonal prisming point is thatn=13 and 14 have opefmot cappey hex-
structure is not the lowest energy structure for TiSit pre-  agonal rings so that #0 molecule might intrude into the
fers a basket-type structure and it is the largest cluster foclusters to interact with Ti. Thus, the possibility of adsorp-
Ti@Si, with the basket structure. Figurgjllshows a hex- tion of H,O molecules could not be determined only by these
agonal prism-like cage structure for=12, but one Si-Si structures.
bond is quite elongateghot bonded in Fig. 1 with the bond As in experiments of KO adsorption all clusters are posi-
length of 3.00 A. This can exist as a local minimum with tively charged, we also determiriédhe structures of cation
0.273 eV higher energy as compared to the basket isometlusters following the results of the neutral clusters. It is
The larger atomic radius of Ti as compared to Cr or W couldfound that the structural differences between the neutral and
be a reason for the opening of this hexagonal prism structureation clusters are not significant. Fo=12 the energy
besides the fact that the number of electrons in the case of Tifferencé® between the cage and the basket isomers is not
is different, and this could also lead to a different structure tdarge (0.273 eV} and we also studied cations of both these
be of the lowest energy. We also calculated a hexagonal antisomers. Our calculated energy difference between the cat-
prism structure and it lies 0.680 eV higher in energy. Therejons is 0.387 eV and the basket isomer remains more stable
than the cage isomer. More details of these studies will be
published separatel§. The calculations of adsorption of
H,O on TiSj, have been performed by initially putting an
H,O molecule with O facing the Ti atom of the lowest en-
ergy isomer of TiSj for n=8-12 (basket structurgsand in
front of the center of the open hexagonal ring fer13 and
14 cage isomers. For=15 and 16 cage isomers there are no
such open sites for the @ molecule to adsorb. Therefore,

o
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FIG. 2. (Color) Optimized arrangements of ;B interacting FIG. 4. (Color) Electronic-charge density isosurfaces for FiSi
with TiSi, clusters. Fon=15 and 16, three different approaches of (n=12 and 13 interacting with HO. Excess and depletion charges
water molecule to the cluster are shown. The nearest bonds betweéar TiSi;, are calculated from the difference between the charge of
the H,O and the cluster are shown by dashed lines. The imig) TiSi, interacting with HO and the sum of the charges of the iso-
balls represent HO) atoms in the HO molecule. lated TiS}j, and H0.
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TABLE |. Binding energy(BE) per atom for Ti§j clusters, for isomers 154) and 15¢iii), respectively. For T@Si; O
optimized distances between Ti and@;.o), and interaction ener- points to the cluster side when it is on a bridge $&&O
gies(E) between TiSjand HO. The three values far=15and 16  bond lengths 3.50 Ajoining two Si hexagongFig. 2 (16-
correspond to three configurations of® In the case oh=13, iii)] or on a triangleSi-O bond lengths 3.48—3.58)4oin-
oxygen is nearly equidistant from Si and Ti atoms, but for ing three Si hexagon#ig. 2 (16-ii)]. However, when KO is
=14-16, the Ti-O bond is quite long and the interaction is actuallyplaced on top of a capping atotof Si hexagong then H

with silicon atoms. points towards the cluster, as shown in Fig(15-i) with
Si-H bond length of 2.70 A. The Si-H as well as Si-O bond
BE/atom Optimized E lengths in these clusters are much longer as compared to the
n ev) drio (R) ev) covalent bond length of about 1.5 A for Si-H and 1.65 A for
Si-O. This different result indicates weak interaction between
8 3.798 2.14 1.188 H,O and the clusters.
9 3.822 2.16 1.069 In order to further quantify the interaction, we estimate
10 3.848 2.16 1.076 the interaction energy fromE(TiSi,)+E(H,0)-E(TiSi,
11 3.921 2.20 1.004 +H,0). It is given in Table | and Fig. 3. The interaction
12 3.953 219 0.989 energy in the basket isomefa=8-12 is about 1 eV and

except forn=8, it lies in a quite small range, the decrease

13 4.001 3.78 0.169 being only 0.080 eV in going froorm=9 to n=12. There-
14 4.021 4.52 0.204 fore, adsorption of KO is energetically favorable fon
1540) 4.077 5.64 0.152 =8-12, with a small decrease in the interaction energy as the
15<ii) 4.077 5.80 0.137 size increases. On the other hand, the stability of clusters
154iii ) 4.077 6.03 0.078 becomes better with an increase in size, as can be seen in
164i) 4.135 6.26 0.189 Fig. 3.8After n=16, there is a dgcrease in the binding
164ii) 4135 571 0156 energy:8 For n=13-16 the interaction energies og(Bl_are
less than about 0.20 eV and there is no significant difference
16-it) 4.135 587 0.156 with a change inn. It increases a little from=13 to n

=14, as also discussed above, and then decreases again. In
three directions of approach have been selected for {2 H experiments, a little adsorption has been found onlynin
molecule. The optimized arrangements and the distances be413 and 14 and there is also a little increase in going from
tween Ti and O are shown in Fig. 2 and in Table I, respec-3 to 14.
tively. From the above, it is therefore clear that our results are in
In the basket isomers an,8 molecule stays near the excellent agreement with reported experiments and show that
cluster and the distance between Ti and O after the optimiH,O adsorption could occur up to=12. The experimental
zation lies in the range of 2.14 to 2.20 A. In the most im-results also show some interesting behavior of the reaction
portant sizes oh=13 and 14, very weak or no adsorption ratio, which agrees completely with our calculations. First,
could be found in experiments. It is found that in these casethe experimental ratio decreases in going from7 to n
the H,O molecule moves away from the cluster and the finaE 12, with the value changing from 0.8 to 0.4. Besides the
converged Ti-O bond lengths m=13 and 14 are larg€8.78  small decrease in the interaction energy that we obtained in
and 4.52 A, respective)yand the interaction is more with the our calculationgFig. 3), the structure is also likely to play an
Si atoms. Fom=13, the Si-O bond lengths are in the rangeimportant role in adsorption. The most favorable structures
of 3.65—3.71 A, which are nearly equal to the Ti-O bond.of TiSi, (n=8-12 are basket structures and with the in-
However, the change in the position of Ti atom after adsorperease in size, Ti atom loses its exposed part more and more,
tion of H,O is quite small. Therefore, we conclude that in- and finally atn=12, half of Ti is completely surrounded by
teraction of HO is predominantly with Si atoms. In the case Si atoms. Therefore, in such a structure, adsorption sites for
of n=14, the bare T@Siy, cage structure is quite distorted H,O become more limited so that the reaction ratio could
and O interacts with one Si atom such that the Si-O bondlecrease more significantly. The second interesting point is
length is shortet2.93 A). In addition, one H interacts with a that in the experimeni=13 and 14 have still some reaction,
Si atom and the Si-H bond length is 2.61 A. Accordingly in while from n=15 the adsorption ratio is almost zero. As seen
this case the interaction of S is slightly stronger. This in Fig. 3, the inertness for adsorption is the samenin
leads to a slight enhancement in the interaction energy. For13—16. However, considering the large structural change
Ti@Si;5 and Ti@Si;g only weak interaction with Si atoms betweenn=12 and 13, the basket isomer for13 and 14
has been found for all three approaching directions, as excould exist even though cage isomer has an energetic advan-
pected. However, after optimization the directions gOHo  tage. The third interesting aspect is seem#1.4, which has
the clusters are not the same. As seen in Fig. 2, f@diis  larger adsorption ratio as comparednte13. Our calculated
we considered two top sites and one bridge site as initiatesults also show a slight increase in the interaction energy
configurations with, O facing the cluster. In the two cases ofand this is likely to be responsible for an increase in the
top sites O interacts with the cage atof§<i) and 15¢iii)],  reaction ratio. In additionn=14 cage isomer has two open
while in the case of the bridge sif&5<ii)], the two H atoms hexagonal rings, whilen=13 has one. A similar slight in-
interact with the Si bridge atoms. The Si-H bond lengths arerease of the interaction ratio is seen figr10 and there is a
2.92 and 3.15 A. The O-Si bond lengths are 2.83 and 3.35 A&orresponding increase in the interaction energy as well.

193402-3



BRIEF REPORTS PHYSICAL REVIEW B0, 193402(2004)

TiSi3
and
HyO

n=13-16 clusters also have large highest occupied-lowest
unoccupied molecular orbital gagsore than 1.4 eYand

for n=15 and 16, it has values of 1.58 and 2.36 eV, respec-
tively. This is also likely to be the reason for their inertness.

The bonding nature between TjSind HO is important
to understand adsorption behavior of, molecules. To
analyze the interaction we have plotted the electronic-charge
density distributions in Fig. 4 fon=12 and 13 as represen-
tative examples of the adsorbing and not-adsorbing clusters,
respectively. Fon=12 we have shown the total, excess, and %
depletion of charge with the excess and depletion charges
defined as the differences between the interacting system
TiSi,+H,0O and the sum of charges of the isolated [iSi
cluster and the KD molecule. From the total charge density
distribution one finds strong covalent-like Si-Si bonds and
some charge accumulation between Ti ang®HThere is a
small charge transfer from the vicinity of Ti and H ions to the
region between the Ti and O ions. This charge transfer occurs
in quite limited space so that the stability and the atomic
structure of TiSj cluster is not affected significantly. For
=13 we have shown only the total charge density distribution
as the excess and depletion charge distributions are too small
(less than 0.01 e/A. Therefore, the charge transfer as well
as the interaction between TjSiluster and HO molecule is
rather weak, as expected.

The above description of interaction of water is corrobo-
rated by the orbital energies shown in Fig. 5. As one can see,
the orbital energies of the Tigicluster get shifted upwards,
while those of HO molecule shift significantly to higher
binding energies indicating significant covalent bonding be-
tween water and the silicon cluster. On the other hand for
TiSiy3, this shift is quite small, supporting the weak interac-
tion. after interaction with HO and the HO molecule. Broken lines

In summary, we have reported initio calculations of the show the unoccupied levels. The arrows show the position of the
adsorption of a HO molecule on titanium-doped silicon Hz0 levels after adsorption.
clusters of different sizes. The equilibrium structures and in-
teraction energies have been obtained. It is found that, TiSi
clusters form a cage structure frone13 onwards so that N=13 and very small interaction energies for14—16, sup-
H,O adsorption could occur only up to=12, for which  porting their inertness and cage structures, in complete
basket structures are preferred with Ti partially exposed anégreement with experiments.
being available for interaction. These results are in excellent V.K. thankfully acknowledges the kind hospitality at the
agreement with reported experimental results in which dnstitute for Materials Research and the support from JSPS.
little adsorption can be found beyomd:12. The interaction We are grateful to the staff of the Center for Computational
between TiSjand H,0 is evaluated by the calculation of the Materials Science at IMR for making Hitachi SR8000 super-
interaction energy. It clearly shows a decrease froni2to  computer available.
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FIG. 5. Electronic levels for TiGi(n=12 and 13 before and
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